The kinetics and thermodynamics of the treading and dethreading process of polymers through the cavity of a synthetic toroidal host is investigated by studying its complexation with a series of end-functionalized polymers of different lengths containing an end group that is selectively recognized by the host. The system is designed in such a way that complexation is only observed if the host has traveled all of the way across the complete polymer. Detailed kinetic investigations using fluorescence spectroscopy have revealed that the barrier for this process is length dependent and most likely related to the stretching of the polymer. Moreover, the results indicate that our previously reported processive enzyme mimic most likely operates by randomly sliding along its macromolecular substrate.
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biomimetic ͉ physical organic ͉ rotaxanes ͉ supramolecular chemistry T oroidal proteins play an essential role in a variety of enzyme systems, in particular in the processes of DNA synthesis and degradation, e.g., DNA polymerase and -exonuclease (1-3). These processive enzymes operate by threading the polymeric substrate, for example DNA, through the hole in their toroidal structure, allowing several rounds of catalysis (e.g., replication or degradation) to take place before the enzyme dissociates from the biopolymer, resulting in processes that occur with high fidelity. Toroidal structures have also been shown to be essential for the transport of biopolymers across membranes (4, 5) and for the packaging of RNA and DNA through holes or openings in viruses (6, 7) . Recent developments have demonstrated the viability of using toroidal proteins like ␣-haemolysin in DNA sequencing devices, in which the DNA is read out while it is threaded (8, 9) . Because these biomolecular structures are so efficient in their processing ability, it would be of great interest to design synthetic analogues that might find application as new catalysts for the modification of polymers. In a previous paper, we reported on such an analogue of a natural threaded system. It is composed of the manganese (III) derivative of toroidal compound 1, which was shown to be able to completely epoxidize the double bonds of polybutadiene (MW ϭ 300 kDa) via a reaction in which the catalyst threads on and then slides along the polymer chain. The use of a bulky axial ligand (4-tert-butylpyridine), which binds to the outside of the catalyst, forces the reaction to take place within the cavity ( Fig. 1) (10) . The previous studies proved only indirectly that catalyst 1 was threaded onto polymers and then moved along their chains. In addition, the precise relationship between motion and catalysis, namely, whether the process is sequentially processive or random processive, and the mechanism of the threading of the macrocycle onto the polymer and the movement along the polymer chain remained unanswered. It was decided, therefore, to study in more detail this threading behavior of compound 1. To this end, a series of polymers was synthesized containing a trap (N,NЈ-dialkyl-4,4Ј-bipyridinium) at one side of the polymer chain as well as a blocking group, and an open end at the other side. Because 1 is unable to slip over the bulky blocking group (a 3,5-ditert-butylphenyl group), complexation observed between 1 and the viologen moiety has to be the result of 1 traversing the whole polymer before it reaches this trap (Scheme 1).
† Here, we report in detail on the threading and dethreading kinetics accompanying the complexation of compound 1 to polymers 3-5 (Chart 1), with the objective of gaining more insight into the mechanism of action of our previously reported processive enzyme mimic. In addition, we quantify the relationship between the length of the polymer and the dynamics of the threading and dethreading processes.
Results and Discussion
Poly(1,4-butadiene) appended viologen 2, polytetrahydrofuran appended viologens 3-5, and reference compounds 6 and 7 (Chart 1) were synthesized as described in the supporting information (SI). The properties of the polymers are compiled in Table 1 .
Formation and Characterization of the Threaded Structures. With polymers 2-5 at hand, it was possible to study complex formation between these viologen traps and compound 1. First, complex formation between 1 and polybutadiene appended viologen 2 was investigated by using MALDI-TOF mass spectrometry. Fig.  2 shows the MALDI-TOF spectra of 2 without (Fig. 2a) and with compound 1 (Fig. 2b) . On complexation, a clear shift for the whole distribution of peaks toward the higher mass range was observed. The difference in mass between the two spectra was exactly 1,345 amu, which corresponds to the mass of compound 1, indicating the formation of only a 1:1 complex. After these first experiments, it became clear that the synthesized poly(1,4-butadiene) and its homologs of higher molecular weight were not ideal for further kinetic experiments because they contained 1,2-butadiene units (Ϸ10%) and were partly cross-linked, hence no complete threading could be observed (see SI). Although some preliminary kinetic studies were performed (see below), it was decided to direct further studies to the more inert polytetrahydrofuran appended viologens 3-5. In addition, MALDI-TOF spectrometry revealed that these polymers showed similar results upon mixing with 1 as for polymer 2 ( Table 2 . The observed large up-field shifts are almost identical to the shifts observed for the host-guest complex between 1 and viologen 6 and are indicative of a pseudorotaxane geometry (13) .
Diblocked viologen 7 did not show any complexation with 1 (see SI), indicating that the blocking group prevents threading. These combined observations indicate that compound 1 must travel all of the way along the polymer chain of molecule 3 (length 21 nm) before it finds the viologen trap. Preliminary experiments revealed that it was impossible to study the kinetics of the threading process with the help of 1 H NMR, because at the concentrations used (mM), complexation was too fast to be monitored by this technique. It was decided, therefore, to use fluorescence spectroscopy, because it was known from previous studies that the viologen molecule is able to quench the fluorescence of the porphyrin of 1 when it is bound in its cavity (14) . Because fluorescence spectroscopy is more sensitive than NMR spectroscopy, lower (micromolar) concentrations can be used, allowing the accurate determination of rate constants within a reasonable time span.
Threading and Dethreading Kinetics. To study the threading kinetics of 1 on polymers 3-5, equimolar amounts [Ϸ1 M, CHCl 3 /MeCN (1/1, vol/vol)] of a polymer appended viologen and compound 1 were mixed and the decrease of the fluorescence intensity of 1 as a function of time was measured. A typical fluorescence emission curve obtained in this way is shown in Fig. 3a .
The kinetics of the fluorescence quenching for the threading process was found to follow a second order process as plots of 1/[1] vs. time gave straight lines (up to Ϸ50% threading) (Fig.  3b) . From the slopes of these straight lines, k on and ⌬G ⅐on ‡ (the difference between the energy of the ground state of the uncomplexed components and the transition state) could be obtained, see Table 3 . These results clearly demonstrate that compound 1 is able to thread on and then completely traverse polymers with average lengths up to 54 nm.
Preliminary studies on polybutadiene 2 demonstrated that the threading process also followed second-order kinetics, but gave a much lower value for k on , see Table 3 and SI.
To study the reverse process, that is, the dethreading of the polymers, a millimolar solution of the 1:1 polymer-compound 1 complex was prepared and then diluted 1,000 times, upon which the fluorescence of 1 was monitored vs. time. From the measured K assoc values (Ϸ10 7 , see below), it was calculated that at a millimolar concentration Ͼ99% of 1 is complexed by the polymer. Upon dilution, the polymer-1 complex will start to dissociate (dethread) and a new equilibrium situation will be reached. Fig. 4a (plot for the complex between 1 and polymer 3) shows that this indeed is the case. In Fig. 4b , the kinetic data for each of the combinations of polymers 3-5 and 1 is plotted, revealing that the dethreading process, unlike the threading process, follows first-order kinetics.
From the slopes of the lines the first-order rate constants for dethreading, k off , were obtained and from this data the values of 
⌬G ⅐off
‡ , see Table 3 . Table 3 also shows the K assoc (ϭ k on /k off ) and ⌬G assoc values for the polymer-1 complexes were found to be in the same range as the values found for reference compound 6 [K assoc ϭ 2.0 ϫ 10 7 (Ϯ30%) M Ϫ1 and ⌬G assoc ϭ Ϫ4.2 ϫ 10 4 J mole Ϫ1 , measured by a fluorescence titration]. From these threading and dethreading experiments, it is clear that a lengthdependent barrier, which increases with 61 J/nm, has to be surmounted by 1 to reach the viologen trap. A similar observation has been made by Li et al. (15) , who studied the threading of cyclodextrins onto polymers (up to 10 nm length). Moreover, the polymer microstructure also plays a role because polybutadiene is threaded much slower when compared with polytetrahydrofuran. This is tentatively attributed to the bulkiness of the polybutadiene chain due to the presence of 1,2-units and cis 1,4-units and a difference in conformation of the polymers, because in the used solvent system (CHCl 3 /CH 3 CN, 1:1, vol/vol), the more polar polytetrahydrofuran is likely to adopt a more extended conformation than the less polar polybutadiene. Threading and dethreading data could not be determined for reference compound 6 because the processes turned out to occur on too fast a time scale.
§ It is therefore clear that the polymer chains in 3-5 play a significant role in both the threading and dethreading processes. Previous studies have shown that a polyethylene glycol chain (MW ϭ 2,000) can attain a nearly fully extended conformation on time scales in the order of milliseconds (17) . It is proposed that such millisecond stretching processes (or processes at smaller time scales) also play a role in our system, because the mean time between two binding events (complexation between 1 and the viologen moiety) is calculated to be (for polymer 3, and at [1] for the threading to fully occur. The threading mechanism maybe similar to the one proposed by Muthukumar (18) for the translocation of a polymer chain through a hole, resembling the transportation of DNA through the opening in a virus particle. After finding the hole the macromolecule has to thread over a certain critical length before the process can continue (nucleation mechanism, see Fig. 5 ).
According to this mechanism the barrier that has to be overcome is entropic in origin and should depend on the length of the polymer chain. To further investigate the enthalpic and entropic aspects of the threading process in our system, we carried out threading experiments at different temperatures to determine the parameters ⌬H ⅐on ‡ , ⌬S ⅐on ‡ , and E a (Table 4 ). Table 4 reveals that ⌬H ⅐on ‡ is positive and remains the same within experimental error for all polymers. The values of ⌬S ⅐on ‡ are strongly negative for all of the polymers and the absolute value of ⌬S ⅐on ‡ increases with polymer length. This result is in line with a nucleation mechanism as proposed by Muthukumar and the presence of an entropic barrier, related to the stretching of the polymer chain, which has to be overcome. ¶ In our previous studies on the catalytic oxidation of polybutadiene and by the manganese (III) derivative of compound 1 (Mn-1), we concluded that the reaction took place inside the cavity of 1 (for Ϸ80%), but we were unable to establish whether § Stoddart and coworkers have reported on threading experiments involving crown etherlike compounds and molecular threads of Ϸ1 nm length and found that these take place in the millisecond time domain (16) . ¶ Although different solvent systems have not yet been included into the threading experiments, we strongly believe that the threading process is dominated by conformational restrictions rather than desolvation/resolvation dynamics. This is evidenced by the large negative value of the entropy of activation of the threading process. This value points to a rate-limiting step that is governed by a loss of conformational freedom in the transition state. If solvation dynamics would dominate, then a more positive value for the entropy of activation would be expected. the mechanism was a random sliding process or whether the reaction followed a processive (i.e., stepwise) mechanism. The kinetic data presented here indicate that the mean time for a threading event (the mean time between two binding events) is in the order of tens of seconds, e.g., 28 s for the threading of 1 on polymer 3 at 1 M and Ϸ1,100 s for the threading of 1 on polybutadiene polymer 2 at 1 M. From these numbers, we can estimate a lower limit for the speed of movement of the catalyst along the polymer thread, which for the combination of 1 and polymer 3 is 750 pm/s and 14 pm/s for the combination of 1 and polybutadiene 2. These speeds are considerably higher than the translocation velocity of Ϸ1 pm/s that can be calculated from rate of the catalytic oxidation reaction assuming a sequentially processive process (10), although it should be stressed that a reliable comparison cannot be made due to the different nature of the two systems. Nevertheless, this comparison tentatively suggests that the catalytic oxidation of polybutadiene by Mn-1 most probably occurs in a random sliding fashion (Fig. 6) , in which the catalyst hops from side to side on the polymeric chain and sometimes even may temporarily leave this chain.
Conclusion
This study has presented direct evidence that cavity containing compound 1 can thread onto a polymer and slide along its chain. The time to reach the (blocked) end of the polymer increases with the length of the polymeric chain. The combined kinetic and thermodynamic data suggest that, for this threading process, a barrier that is of entropic origin and most likely related to the stretching and unfolding of the polymer chain has to be overcome. Comparison of the speed of movement of 1 along the polymer thread and the rate of oxidation of it by the manganese derivative of 1 suggests that the latter oxidation has the character of a random sliding process and not of a stepwise processive process. Current work is focused at developing catalysts for which the sliding movement and the catalytic reaction are better matched. Preliminary experiments with derivatives of 1 indicate threading of 1 on polymers 3-5 [CHCl 3͞MeCN (1͞1, vol͞vol) 
